, and these neurons project to dorsal and venanimals and humans. However, it is unclear whether tral striatum, respectively (Haber and Fudge, 1997). In human striatal activation is driven solely by the headdition, an fMRI study using human subjects found an donic properties of rewards or whether such activation enhancement of activity in the ventral striatum when is reliant on other factors, such as anticipation of upprimary liquid rewards were presented in an unpredictcoming reward or performance of an action to earn a able, rather than a predictable, manner (Berns et al., reward. We used event-related functional magnetic 2001). Activity in dorsal striatum, however, was not reresonance imaging to investigate hemodynamic reported in this experiment.
Figure 1. Experimental Design
Top: In Experiment 1, a habituating stimulus (a purple square) was displayed once every 1500 ms for a duration of 500 ms, interrupted psuedorandomly every 10.5-19.5 s with an oddball stimulus, which was an upward green arrow, a downward red arrow, or a sideways blue arrow. The green arrow indicated a reward of $1.50, the red arrow indicated a punishment of $0.75, and the blue arrow indicated no money won or lost. Subjects were instructed to push the index finger button on the response glove upon seeing each arrow. Functional images were acquired every 1.5 s, and for each trial, the first seven of these 1.5 s time periods (beginning with the onset of the oddball stimulus) were analyzed. Middle: The task for Experiment 2 proceeded much as in Experiment 1, but was modified such that for half the trials, an anticipatory cue (a yellow circle) preceded the oddball stimulus by 3.0 s. This circle provided no information about the outcome valence. Neutral trials were not included in this experiment. Subjects were again instructed to push the index finger button upon seeing each arrow. For each trial, the first nine 1.5 s time periods, beginning 3.0 s before the onset of the arrow stimuli (i.e., at the onset of the anticipatory cue, when present), were analyzed. Bottom: For Experiment 3, all arrows were preceded by an anticipatory cue 3 s before the onset of the arrow stimulus. For half of the trials, the cue was a blue circle, and subjects were instructed to push the thumb button upon seeing this cue. For the other half of the trials, the cue was a yellow circle, and subjects were instructed to choose between pushing the first and second finger buttons and were told that their button presses determined the valence of the outcome. In actuality, the outcome valence was predetermined. For each trial, the first ten 1. . Human fMRI tasks have also which rewards and punishments were not predicted, were intermingled with trials in which an anticipatory found the caudate nucleus to be active during rewardrelated tasks in which subjects believed that their perforcue (a yellow circle) preceded the reward or punishment by 3 s (Figure 1 ). Subjects did not respond to the cue, mance determined the outcome. For example, bilateral caudate activity was found in gambling-like tasks in but responded to the arrows, as in Experiment 1.
Finally, we explored a third possibility, that striatal which subjects thought that their button presses determined whether they won or lost money (Delgado et al., activity may be modulated by the perceived connection between action and outcome. Studies in both monkeys , 2003 . Similarly, Knutson and colleagues (2001b) found bilateral caudate and ventral and humans suggest that this perception might be especially important for driving activity in the dorsal striatum. striatal activity when subjects anticipated a monetary reward that would occur if they successfully hit a button Electrophysiological recordings in monkeys in the caudate nucleus, a key structure in the dorsal striatum, during the display of a briefly presented target. While these tasks did not dissociate the perception of continsuggest that its activity may be dependent on the anticipated consequence of the monkey's performance (Hikogency between action and outcome from other aspects of the tasks, they stand in contrast to other experiments saka et al. , we had an a priori interest in the response of the caudate nucleus across our three experiments. responded to the cue rather than to the arrow that followed it. The cue was one of two types, which were Therefore, for each experiment, we performed an ANOVA on the voxels corresponding to the Talairach coordipseudorandomly intermixed. A light blue circle indicated that the subjects should respond by hitting the thumb nates for the peak activation reported in the left and right caudate nucleus in previously published work from button on the response glove; they were told that in this condition they had no control over which type of arrow our laboratory (Delgado et al., 2000) . These coordinates were (x ϭ Ϫ12, y ϭ 15, z ϭ 7) for the left caudate nucleus would follow the cue. However, when the cue was a yellow circle, subjects were told to guess whether the and (x ϭ 11, y ϭ 16, z ϭ 7) for the right caudate nucleus (Talairach and Tournoux, 1988) . While the size of our first or second finger key was the "right answer," and that whether they won or lost money on these trials individual voxels is 3.75 ϫ 3.75 ϫ 3.8 mm 3 , the size of the analyzed area is actually somewhat greater than would depend on whether they guessed correctly. Unbeknownst to the subjects, the outcomes were actually this due to the smoothing of the functional image data (Cohen et al., 2002) . This analysis allowed us to take predetermined. In this way, we were able to selectively manipulate perceived contingency between action and advantage of methodological and technical similarities (e.g., analysis pathway, scanner) with our previous work outcome, while keeping other aspects of the task constant.
to predict where activation might occur, while using a very conservative approach to assess significance in each experiment. For all three experiments, valence and Results time period were within-subjects factors; additionally, cue condition was a within-subjects factor for ExperiBehavioral Data Error and reaction time data from subjects' button press ment 2 (cued versus uncued) and Experiment 3 (choice versus no-choice). As shown in Figure 1 , for Experiment responses are shown in Table 1 . No-response errors were kept to a minimum by informing subjects that if 1 the time periods used were the first seven 1.5 s time periods of each trial (T1-T7), beginning with the arrow they failed to respond on any given trial, they would automatically lose $1.00. Error rates were generally low, stimulus; for Experiment 2, the first nine 1.5 s time periods of each trial were used (T1-T9), beginning 3 s before indicating that the subjects were attending to the task in each experiment. A one-way ANOVA on the data from the arrow stimuli (for cued trials, this corresponds to when the cue occurred); and for Experiment 3, the first Experiment 1 revealed that the reaction times were significantly different across conditions (reward, punishten 1.5 s periods of each trial were used (T1-T10), beginning with the cue. The time courses for the three experiment, and neutral) [F(2,10) ϭ 7.5, p Ͻ 0.05], with post hoc two-tailed t tests revealing faster responses to rements are shown in Figure 2 . Specifically, the ANOVAs Did you care more about winning/losing money for the blue or the yellow cue trials? (1 ϭ cared 5 Ϯ 2 much more during blue cue trials; 7 ϭ cared much more during yellow cue trials) How much control did you feel you had over whether you won or lost money for the yellow cue 4 Ϯ 1 trials? (1 ϭ no control; 7 ϭ complete control) How much control did you feel you had over whether you won or lost money for the blue cue 2 Ϯ 2 trials? (1 ϭ no control; 7 ϭ complete control) Do you think there was a pattern to the "winning" answers for the yellow cue trials? (1 ϭ no, I 5 Ϯ 2 think it was just random; 7 ϭ yes, I definitely think there was a pattern) Do you think there was a pattern to the "winning" answers for the blue cue trials? (1 ϭ no, I think 3 Ϯ 1 it was just random; 7 ϭ yes, I definitely think there was a pattern) a Blue cue trials, no-choice trials; yellow cue trials, choice trials. b Ratings are on a 7 point scale; 2 subjects did not complete the questionnaire, so results are based on ratings from the other 9 subjects. , while no caudate voxels showed these effects in Experiments 1 and 2 be. As in the a priori VOI analysis, the ANOVAs used subject as a random factor, and time period, valence, (Table 3) . These results reinforce the findings from the a priori caudate analysis. and cue (except for Experiment 1) as within-subjects factors. The time periods used in these analyses were
The absence of a significant valence by time effect in the nucleus accumbens is worth noting, since this area the same as those described in the previous section. These ANOVAs do not require assumptions about the is a key projection site of dopaminergic neurons and is a major region in the brain's reward circuit (Koob, 1992) . shape of the hemodynamic response.
Striatal Activation. Striatal activation clusters identiSignal dropout, due to the proximity of this region to air and fluid cavities, may be one factor in interpreting our fied using the voxel-wise ANOVAs for each experiment, with a contiguity threshold of four voxels, are shown in null result. To systematically assess the degree of dropout across our three studies, we compared overall mean Table 3 . In further support of the observation that the caudate nucleus was more strongly activated when subintensity in the nucleus accumbens [Talairach coordinates: (x ϭ Ϫ12, y ϭ 8, z ϭ Ϫ8) and (x ϭ 12, y ϭ 8, z ϭ jects thought that their responses determined the outcome, caudate activation clusters showing a cue condi-Ϫ8); cf. Zink et al., 2003 ] to the voxels used in our a priori analysis of caudate activation for each of our studtion by time interaction were identified bilaterally for the data from Experiment 3 [F(9,90) Ͼ 4.35, p Ͻ 0.0001] ies. The nucleus accumbens to caudate intensity ratio was 0.42 for Experiment 1, 0.46 for Experiment 2, and (Figure 3) . The Talairach coordinates with the maximal F-value for each activation cluster were (x ϭ Ϫ12, y ϭ 0.52 for Experiment 3. This indicates that there was a similar degree of dropout in this area in each of our 11, z ϭ 8) and (x ϭ 9, y ϭ 16, z ϭ 4), which are each only about one voxel away from the caudate coordinates experiments. However, our relative dropout does appear to be greater than in a previous study from our lab in used in our a priori analysis. As can be seen from the time courses in Figure 3 , these clusters were strongly which there was a significant valence by time effect in the ventral striatum using a 2-shot spiral scanning activated for the choice condition but showed only a very weak response for the no-choice condition.
sequence (Delgado et al., 2000) . In that data set, the ratio of intensity in the ventral striatal ROI compared to Additionally, in Experiment 3, the left caudate nucleus showed a valence condition (reward versus punishan ROI found in the caudate nucleus was 0.81. followed by a differentiation of response following the mined whether they won or lost money; neither pseudorandomly presented rewards and punishments nor timelocked anticipation of the rewards and punishments was enough to drive such a response. It should be noted that in all three experiments, subjects were told that a failure to make a response would result in a monetary fine, so in a sense, the reward was dependent on making a response in all cases. However, in the first two experiments presented here, responding to the oddball stimuli presented no difficulty to the subjects, as evidenced by their low error rates. Thus there was a very low probability of not getting a reward due to failure to respond appropriately. In contrast, in Experiment 3, responding "appropriately" was much more difficult; in the choice condition, only 50% of the time did the subjects guess "correctly" and win money. This is not to say that decision-making is the key component in driving caudate activation. Caudate activation has also been elicited in paradigms requiring rapid target detection in order to get a reward or avoid a punishment (Knutson et al., 2000 (Knutson et al., , 2001a (Knutson et al., , 2001b . While these paradigms have surface similarities to the no-choice condition in Experiment 3 (a single button is pressed upon seeing a target, followed by a feedback display indicating a monetary outcome), there is an important difference: in the rapid target detection tasks, the outcome is dependent upon speed of response, whereas in the no-choice condition in Experiment 3, there is no connection between the speed of response and the outcome. This difference is reflected in the imaging results from the two tasks: caudate activity was elicited in the rapid target detection tasks, but not in the no-choice condition in Experiment 3.
It seems, then, that the caudate nucleus is not activated by all instrumental tasks (i.e., tasks involving behavioral reinforcement), but instead only by those tasks in which there exists both a perceived connection between action and outcome and some uncertainty about whether the action will lead to the desired outcome. This tion inherent in these tasks. The questionnaires that subjects in Experiment 3 filled out may provide some insight into this issue. They indicate that caudate activaoutcome display. Namely, the response to punishment tion was correlated with subjective ratings of control and falls back to baseline while the response to reward is the impression that there was a pattern to the winning more sustained. Unlike the response in the caudate nuanswers: both were higher for the choice than the nocleus, the response in the lingual gyrus does not differchoice condition. It may be that these subjective impresentiate based on whether there is a perceived consions of a task matter more in determining the strength tingency between the subject's responses and the of caudate activation than whether the task involves outcome. instrumental conditioning or Pavlovian (i.e., classical) conditioning, in which stimulus-reward associations are Discussion built up through pairing of a conditioned stimulus with an unconditioned rewarding stimulus.
The main goal of these experiments was to ascertain
The findings presented here should help to reconcile which aspects of affective stimuli drive activity in the differences in caudate activity observed in prior studies. human striatum. A major finding of this work is that In studies in which the subjects' decisions ( . These prior findings in this work. Our functional data set had more signal may also represent the influence of visual differences dropout in this area than it did in more dorsal areas of in the feedback displays. However, the possibility also the brain, which leaves open the possibility that we did exists that lingual activation may reflect retrieval of the not detect activity in this region that was nevertheless reward-dependent meaning of the visual display. Inoccurring. A human fMRI study showed that the nucleus deed, the lingual gyrus has been shown to be activated accumbens is more responsive to unpredictable, as opduring visual cue processing associated with high states posed to predictable, juice rewards (Berns et al., 2001) ; of arousal, as characterized by skin conductance rethus, one might have especially expected to find such sponses ( In summary, we performed three experiments using insure maximal unpredictability. It may be that over time, an oddball paradigm to dissociate various factors that subjects in our experiment found the rewards and punmight drive reward-dependent activity in the dorsal striishments more and more predictable as they became atum. We showed robust activity in the caudate nucleus accustomed to the range of time between each oddball only when subjects believed that their button presses event. It is also possible that primary rewards such as determined whether they won or lost money. This finding juice may more strongly activate the nucleus accumnot only reconciles previous seemingly conflicting findbens, whereas more abstract, behaviorally dependent ings in the caudate nucleus, but also suggests that comsecondary rewards, such as winning money for a correct pared to other striatal regions, the way the caudate response, may more selectively recruit the caudate nuprocesses reward-related information may be unique in cleus.
that it is dependent upon an action-reward contingency. A functional dissociation between dorsal and ventral While the task used in this work did not require subjects striatum has been suggested by a recent fMRI experito gamble their own money, the choice condition in the ment, in which infrequent distracter stimuli elicited sigthird experiment can be likened to a gambling situation nificant activation in the caudate nucleus only when the in which a person performs an action that results in stimuli were behaviorally relevant, in that they potentially either monetary gain or loss. Perhaps it is no coincirequired a response, but activation in the nucleus acdence that real-life gambling situations require action: cumbens was not dependent on behavioral relevance a lever must be pulled on a slot machine, a coating (Zink et al., 2003) . A functional dissociation between rubbed off a lottery ticket, etc. In a sense, every action ventral and dorsal striatum is also supported by reis a gamble, potentially leading to a positive or negative search on rat striatum. For example, it has been proconsequence. An awareness that the caudate may play posed that the dorsal striatum mediates consummatory a distinctive role in processing action-contingent reaspects of reward-related behavior, while the ventral ward-related information furthers our understanding of striatum has more influence on appetitive aspects of the mechanisms by which humans interpret and learn behavior (Robbins and Everitt, 1992 arrows. At the very least, then, the differential activity An "oddball" task was used in which a standard habituating stimulus (a purple square) was presented once every 1500 ms for a duration of in the lingual gyrus indicates that subjects were pro-500 ms, interrupted with infrequent "oddball" stimuli. These oddball Data Acquisition Subjects were scanned using a conventional 1.5 Tesla GE Signa stimuli could be a green upward arrow, a red downward arrow, or, in Experiment 1 only, a blue sideways arrow. The subjects were whole-body scanner and standard radio frequency coil. Structural images were collected using a standard T1-weighted pulse seinformed that each time the green upward arrow appeared, they had won $1.50, while each time a red downward arrow appeared, quence, in 36 contiguous slices (3.75 ϫ 3.75 ϫ 3.8 mm voxels) parallel to the AC-PC line. Oblique axial functional images were they had lost $0.75. The blue sideways arrow indicated a neutral trial, in which the subject neither won nor lost money. For the first collected at the location of the middle twenty of the structural slices, using a one-shot spiral pulse sequence (TR ϭ 1500 ms, TE ϭ 35 two experiments, the subjects' task was simply to press the first finger button on a response glove each time they saw either type ms, FOV ϭ 24 cm, flip angle ϭ 70Њ). of arrow. Since the button press occurred after the reward-relevant stimulus was presented, the subjects knew that their response did Data Analysis not affect the trial outcome. However, to make sure that they consisThe NeuroImaging Software package (NIS 3.5), developed at the tently responded on each trial, they were told that they would be University of Pittsburgh and Princeton University, was used to anafined $1.00 for every arrow they failed to respond to. Trials on which lyze the fMRI data, along with the graphical computing environment, the subject did not respond were not included in the analysis. not used in analysis. The images were detrended to adjust for scanFor Experiment 1, each session consisted of 7-12 runs of 12 trials ner drift within runs. The structural images of each subject were each, for a total of 84-144 trials per subject. Trial type order was stripped to remove the skull and coregistered to a common referpseudorandom, with the constraints that overall the numbers of ence brain, chosen from among the subjects (Woods et al., 1993). reward, punishment, and neutral trials were equal, and that no more Functional images were transformed into the same common space, than 3 events of a given trial type could occur in a row. Oddballs normalized by a mean scaling of each image to match global mean occurred once every 10.5-19.5 s.
image intensities across subjects, and smoothed using a threeIn Experiment 2, a yellow circle appeared 3 s before the arrow dimensional Gaussian filter (8 mm FWHM) to account for anatomical stimulus on half of the trials, serving as an anticipatory cue indicating differences between subjects. This set of data was then analyzed when the arrow would appear. The cue did not provide any informastatistically. To visualize the data, the AFNI software program was tion about the valence of the upcoming arrow, and no response was used (Cox, 1996) ; this program was also used to warp the data into made to it. In addition, there were no neutral trials in this experiment.
Talairach space (Talairach and Tournoux, 1988). Each session consisted of 12 runs of 11 trials each, for a total of For each experiment a repeated-measures ANOVA was performed 132 trials. Trial length ranged from 13.5-19.5 s. Trials in which a on the coregistered functional data in the two voxels representing subject did not respond or responded to both the cue and the peak activation reported in the left and right caudate nucleus in arrow were not included in the analysis. Trial type order was again previously published work from our laboratory (Delgado et al., 2000) . pseudorandom, with the constraints that overall the number of trials The Talairach coordinates corresponding to these voxels are (x ϭ in the four conditions (cued reward, uncued reward, cued punish-12, y ϭ 15, z ϭ 7) and (x ϭ Ϫ11, y ϭ 16, z ϭ 7). For Experiment 1, ment, uncued punishment) were equal, and that no more than 3 subject was a random factor and trial valence (reward, punishment, events of a given trial type could occur in a row. or neutral) and time (1.5 s time periods, T1-T7) were within-subjects In Experiment 3, a cue appeared 3 s before the arrow on each factors. Note that although trial length varied, only the first 10.5 s trial, and the subjects responded when the cue appeared, rather of each trial (beginning with the presentation of the arrow) were than when the arrow appeared. For half of the trials, this cue was analyzed. For Experiment 2, the ANOVA had subject as a random a light blue circle, and for the other half, a yellow circle. Subjects factor and cue condition (uncued or cued), trial valence (reward or punishment), and time (1.5 s time periods, T1-T9) as within-subjects were instructed to simply press the thumb key on the response factors. For this experiment, the first 13.5 s of each trial were anaglove upon seeing a blue circle. They were told that in this condition lyzed, beginning with the time period 3 s before the presentation of (the "no-choice" condition) they had no control over which type of the arrow. This is when the cue appeared for trials in which a cue arrow would be presented. In contrast, the subjects were instructed was present. For Experiment 3, the ANOVA was performed with that when they saw the yellow circle, they should choose between subject as a random factor and cue condition (choice or no-choice), responding by pressing the first-finger key or second-finger key on trial valence (reward or punishment), and time (1.5 s time periods, the response glove (the "choice" condition). They were told that if T1-T10) as within-subjects factors. The first 15 s of each trial were they "guessed the correct button" they would win and see the upanalyzed, beginning with the time period when the cue stimulus ward green arrow, while if they guessed incorrectly, they would lose appeared, 3 s before the arrow stimulus appeared. and see the red downward arrow. In this way, the perception of Additionally, a voxel-wise repeated-measures ANOVA was percontingency between action and outcome was manipulated. In realformed on all the coregistered data for each experiment, with the ity, the trials were fixed such that half of the trials were reward trials same factors as in the a priori analysis of the caudate voxels. For and half were punishment. For all trials in which no response was Experiment 1, a second ANOVA was performed excluding neutral made, a screen with three white dashes was shown instead of the trials, for more direct comparison with the other two experiments. arrow stimulus. To insure that subjects would respond consistently, Activation clusters were defined as regions with four or more contigthey were told that if they did not respond on a given trial, they would uous voxels showing a significant effect; this contiguity threshold lose $1.00. No-response errors were excluded from the analyses.
serves as a precaution against type 1 errors (Forman et al., 1995) . Each session consisted of 12 runs of 11 trials each, for a total of The time courses from such clusters located in the striatum were 132 trials. Trial length ranged from 13.5 to 21.0 s. Trials were ordered plotted and analyzed. A conjunction analysis was performed to isopseudorandomly, with the constraints that there were equal numlate voxels showing a valence by time interaction at a significance bers of the four conditions (choice reward, no-choice reward, choice threshold of p Ͻ 0.001 in all three experiments; in this analysis, the punishment, no-choice punishment), and that no more than 3 events Experiment 1 ANOVA excluding neutral trials was used. The time of a given trial type could occur in a row. As in the other experiments, course from the resulting conjunction voxels was also plotted and the subjects earned $50 by the end of the experiment. At the end of analyzed. the experiment, subjects filled out a brief Likert-scale questionnaire asking their impressions of the task, including whether they felt they had more control when responding to the yellow circle or to the
